Quasi-resonant flyback converter is realized with the aim to demonstrate the topology feasibility using the normally-on switching behaviour of the gallium nitride (GaN) power transistor. Reference converters utilize GaN and silicon-based MOSET as the switching devices to compare the electric characteristics, and power losses. Quasi-resonant technology offers reduced turn-on losses, resulting in increased efficiency and lower device temperature. The turn-on losses dominate the power losses as the switching frequency of the power supply increases. The combined advantages of gate charge and on-resistance for GaN in the 60 watt reference converter leads to improve the turn-off conduction loss. GaN based power converter provides up to 7.02% improved efficiency over silicon based MOSFETs. The converter performance improvement opens the possibility of fully exploiting the wide advantages of GaN transistors in power electronic application.
Introduction
Power switching devices play an important role in power electronic application. As silicon based power transistor approaches the end of major improvements in performance and cost, gallium nitride (GaN) power transistor exhibits great potential for future power electronics due to low conduction resistance, low power loss, high switching speed and superior thermal property [1] - [4] . The science behind these new advantages is due to the ability of the substrate material to handle higher power densities. The material properties in which GaN transistors have advances with respect to Si are wide bandgap, high electron mobility, large saturation velocity, high sheet carrier concentration at hetero junction interfaces, and high breakdown field. All these material advantages have great potential of realizing high speed, high voltage, and high temperature power transistors. The electrical characteristics of GaN transistors can further progress the performance of power converters by operating power transistor at higher frequencies, with reduction in the size of passive elements, such as filter inductors and capacitors, and with improvements in terms of achievable bandwidth. A number of literatures report results related to the advantages of GaN devices used in power converter applications. Saito [5] presented an application of 600V GaN HEMT which onresistance is only 3.3 mΩ･cm 2 . They fabricated a DC/DC down application with 200V input and 200 K to 500 KHz switching frequency. High current density switching of 850 A/cm 2 was achieved in that DC-DC converter circuit. Yoshida demonstrated a DC/AC inverter application which converts 30 V DC to 100V AC [6] . The significant results are the outstanding switching time. As they operated the GaN HFET at 0.37 GHz, the turn-on and turn-off time are 10ns and 11ns respectively. There is one more case, Jordi Everts led his team to construct two DC-DC boost converters with high conversion efficiency [7] . Their E-mode (enhancement mode) GaN transistor features very low gate-charge, 15 nC at 200V V DS . This remarkable characteristic results in good performances in converter's efficiency. An efficiency of 93.9% is presented when the load is 97.5W at 845.2 KHz switching frequency. As the load increase to 106W at 512.5 KHz, the efficiency reaches 96.1%. The above researches show the applications of GaN transistor are available. GaN transistor is a very low on-resistance and low-charge device. The combined advantages of gate charge and on-resistance in the converter leads to a more efficient system because of the reduced turn-off conduction loss. Another feature offered by GaN transistor is the fast switching speed. Quasi-resonant flyback converters, which represent the structure of choice for use in small and medium power applications, have taken a significant market share over the traditional fixed frequency topology of converter. The quasiresonant topology reduces the frequencydependent switching losses within the power switches. Eliminating these losses allows the converter to increase the switching frequency and reduce the inductor/capacitor volume. The quasi-resonant converter is built to demonstrate the advantage and validity of GaN in power supplies and other power applications.
Enhancement mode GaN
The transfer characteristic of an enhancement mode GaN power transistor is similar to an nchannel power MOSFETs. Applying a positive bias higher than the threshold between the gate and source terminals causes a field effect, which attracts electrons that generate a bidirectional channel to direct the current from the drain to the source, and turns the device on. When the bias is removed from the gate, the electrons under the gate plate are dispersed into the gallium nitride material and create a depletion region between the drain and source. Consequently, the enhancement mode GaN is a positive voltage turn-on device: it requires a positive voltage to turn it on and a zero voltage to turn it off. Designing a gate driver that operates the GaN to its full switching performance presents major technical challenge in the system. There are two important parameters that affect the gate drive circuit design. First, the threshold of the GaN transistor is about 1.6V, which is generally lower than that of silicon based MOSFET. When the GaN needs to be held off, the total resistance path between gate and source must be considered for avoiding turning off due to miller dv/dt glitch. Secondly, the maximum allowable gate-source voltage is 6V. As there is negligible gate-drive loss penalty, the GaN should be driven with the full 5V. There is only 1V headroom between the gate drive voltage and the absolute maximum rating voltage. Compared with MOSFET, an accurate gate-drive voltage is required, but it is difficult to achieve for gate drive supply regulation in the converter application. As GaN has low required gate-drive voltage, total gatedrive losses will be reduced.
Operation of quasi-resonant flyback converter
Flyback converter is a buck-boost converter with the inductor split to form a transformer so the voltage ratios are multiplied with an additional advantage of isolation. It is the most common topologies used for isolated DC/DC conversion. Schematically, quasi-resonant (QR) topologies are minor modifications of the standard flyback converter. A quasi-resonant topology is designed to reduce the frequency-dependent switching losses within the power switches and rectifiers. Figure 1 shows the basic configuration of flyback converter with RCD clamp circuit. The RCD circuit protects the primary switching transistor from exceeding its breakdown voltage BV DSS . Fig. Peaks and valleys appear. Quasi-resonant switching technique is to wait the drain-source voltage down to the valley. The switching device restarts to turn on before flyback energy is completely depleted from the transformer. The device is no longer the seat of heavy turn−on losses engendered by capacitive effects. Quasiresonant converters exhibit a highly variable switching frequency which depends on the input/output operating conditions. The switching frequency is decreased step by step by changing valley as the load decreases. Once the controller selects a valley, it stays locked in this valley until the output power changes significantly.
QR flyback converter design
Design the major parameters of quasi-resonant flyback converter by following steps [8] : (a) Determine the turns ratio between the primary to secondary turn ratio: 
(d) Calculate maximum duty ratio:
(e) Calculate the primary rms current:
(f) Calculate the secondary rms current:
where α define the relationship between the clamping voltage and the reflected voltage on the primary inductance. Figure 3 shows the design of the 60 watt flyback converter with quasi−resonant topology, operating with a variable switching frequency from 60 kHz to 120 kHz, an input voltage of 48V, and output voltage of 5V. The basic converter circuit is comprised of PWM controller NCP1380 [9] , flyback transformer, switching power devices, and its associated secondary rectifiers. Compared to the traditional power conversion scheme utilizing MOSFET with the same breakdown voltage BV DSS , GaN provides improved efficiency, higher power density and overall system performance. As shown in Fig. 4 , a gate driver circuit is added between the switching output pin of the PWM controller and the gate terminal of GaN. A pair of resistors R 1 and R 2, forms a voltage divider bias circuit to reduce the original PWM signal level. A significant characteristic offered by GaN is low threshold voltage. Due to the hyper-fast switching characteristics of the GaN power transistor, high dV/dt is present and cause high current to flow in the Cgd capacitor. It is necessary to limit the total resistance path between the gate and source terminals. To avoid the risk of Miller turn-on or the dV/dt glitch, the gate-drive output impedance R 3 must be minimized. The requirement for GaN gate driver is that output impedance should be chosen to have 500 mΩ or less for high dV/dt of 20 V/ns [12] . The gate resistor R 4 of 90 is connected between the gate driver output and gate terminal, which is adjusted to do trade-off between driving speed, voltage-overshoot control and ringing for improved EMI. The resistor R 4 of 1k is connected between the gate and the ground to avoid any inadvertent GaN switching on due to noise. The accurate regulation of the gate drive level that the ring and peak voltage does not exceed the 6V maximum rating is required. It is not easy to maintain the gate drive level for whole operating conditions in the converter design.
Experimental results
Quasi-resonant flyback converter reveals a highly variable switching frequency which depends on the output operating conditions. To accomplish the necessary design of the circuit components, the switching frequency of 100 KHz is first selected as a given operating point. The major parameters based on Eqs (2) ~ (7) for both GaN and MOSFET devices are listed in Table 2 . The turn-on and turn-off waveforms for both the GaN and MOSFET devices are compared in Fig.  5 . According the electric characteristics of the devices shown in Table 1 , the input capacitor C iss of GaN is small when compared with silicon MOSFETs, enabling very short delay times and excellent controllability in low duty-cycle applications. GaN, features a gate charge Q gate which is lower than existing MOSFET for improved switching and drive efficiency. GaN and MOSFET are driven by a gate-source voltage of 5V and 12V, respectively. The comparisons of turn-on and turn-off time for both devices are listed in Table 3 . The improved switching time of the GaN is due to about the low miller charge (Q GD ). Figure 6 shows the waveforms of the drainsource voltage, the primary inductor current, and the output voltage. The voltage spikes across the drain-source terminals are adequately clamped to about 118V and 130V by RCD clamping circuit during off-time. Since the maximum stress on the switching devices is 130V, the breakdown voltage of 200V for these two devices is available. The two switching devices are turned on with less switching losses when the drainsource voltage V ds is near the first valley where the voltage is minimum. The switching frequencies for both GaN and MOSFET are 110 KHz and 130KHz, respectively. 
Power loss calculation
Among the power losses generated by all components, switching device losses occupy about up 30%. Power losses in a switching device can be divided into three groups: (a) gate charge losses, (b) conduction losses and (c) switching losses. [13] , [14] DS(on) . The lower on-resistance will result in lower power loss. The power dissipation when the switching device is turned fully on :
where I D(rms) rms current of drain R DS(on) on-resistance of a transistor Given that the on-resistance of GaN is 18 mΩ and the rms drain current is 4.76A, the conduction loss of the GaN is calculated as 0.342W. Similarly, the conduction loss of the MOSFET with on-resistance 150 mΩ and the rms drain current of 4.53A yields 3.31W. Switching losses are caused by voltage and current overlaps during short switching transitions, which can be separated into turn-on and turn-off sequences. The turn-on switching loss is a process of discharging capacitances on a drain node.
Similarly, the turn-off switching loss is about the overlapping area of the falling drain current and rising drain-source voltage at the turn-off transient. The equation replaces the time integration for the sake of calculation the turn-off loss.
According to the switching waveforms for the drain current and voltage of these two switching devices shown in Fig.5 , the measurement results of turn-on losses P swi(on) for GaN and MOSFET are 0.039W and 0.119W, respectively. Similarly, the turn-off losses are 3.075W and 4.140W. The technology of quasi-resonant conversion offers apparently improvement in the turn-on losses, resulting in increased efficiency. As GaN takes the advantage of lower total gate charge, it somehow shrinks the overlapping time when turning a transistor off. GaN saves 1.065W of turn-off losses in comparison with MOS transistor. Table 4 summarizes the power losses of these two devices. It is clear that the turn-off loss is dominant in this converter circuit when the high switching frequency is performed. GaN based power converter provides up to 7.02% improved efficiency over silicon MOSFETs. 
Conclusion
Quasi-resonant flyback DC/DC converters have been designed and implemented using GaN transistors, which demonstrate the performances and compare the potentials between GaN and silicon based MOSFET in power electronics. Power losses are major consideration in converter applications. The conduct loss is the dominant component of the total losses as the transistor operates at quasi-resonant condition. The combined advantages of low on-resistance and gate charge for the GaN lead to a high efficient system because of the reduced conduction loss. The experimental results shown fully confirm the possibility to exploit the excellent characteristics of GaN devices in power electronics. Quasi-resonant switching offers reduced turn-on losses, resulting in increased efficiency and lower device temperature. When the switching frequency increases, the turn-off losses dominate the power losses. GaN based power converter provides up to 7.02% improved conversion efficiency over silicon MOSFETs. GaN power transistor offers significant advantage in this topology converter. These advantages can enhance conversion efficiency, and reduce converter volume. Considering the suitability of the GaN transistors for the power switching applications, the quasi-resonant flyback converter constitutes a good candidate in that field. GaN power transistors provide comparable electric characteristics to other MOSFET transistors. The reference design presented in this application demonstrates that GaN power transistor is adopted in the quasiresonant flyback converter for improving power efficiency. GaN power transistors offer performance improvements well beyond the realm of silicon based power MOSFETs, and are more and more being used in switching power devices.
